The article presents the results of strength, stereological and fractographical tests and examinations carried out on concretes made based on two coarse aggregates: basalt and gravel types. A relationship was demonstrated to exist between the strength characteristics of concretes and the fractal dimension, as determined by the chord method. The concrete of poorer strength properties had higher fractal dimension values of its fractures, whereas the concrete of the best strength parameters was characterized by the lowest fractal dimension value.
Introduction
One of the possibilities of the quantitative investigation of concrete structure is the analysis of the surface morphology of fractures formed during cracking. The measure of concrete fracture surface complexity is the fractal dimension, D (Mandelbrot, 1977) . Studies carried out in recent years have proven the suitability of fractal geometry for the description of fracture surfaces of numerous materials, including also concretes and mortars (Winsolw, 1985) . Works on this subject, which have been published so far, show a relationship to exist between the fractal dimension, D, and the properties of concretes: the compressive strength, f c (e.g., Prokopski & Konkol, 2005; Yan et al., 2002) , the fracture toughness, as expressed by the critical stress intensity factor, K Ic (e.g., Prokopski & Konkol, 2005; Saouma & Barton, 1994; Brandt & Prokopski, 1993) , the fracture energy, G F (Saouma & Barton, 1994; Brandt & Prokopski, 1993; Issa et al., 1993; Yan et al., 2001) , or Young's modulus, E (e.g., Prokopski & Konkol, 2005) .
A decisive influence on the strength characteristics (fracture mechanics parameters) of concretes is exerted by coarse aggregate. Investigations carried out have shown that fracture toughness of concrete depends on the surface morphology and grain shape of coarse aggregate grains (Bochenek & Prokopski, 1989; Prokopski et al., 1997) . In the case of a concrete based on cobble aggregate with a smooth surface and an oval shape, crack propagation occurs at lower stresses than for broken aggregate with an irregular shape and a rough surface. This is due to the better adhesion (by higher cohesion forces) of cement paste to the broken aggregate grains that are rough and of an irregular shape.
The effect of the type of aggregate, the maximal grain size and the water/binder ratio is analyzed in work (Yan et al., 2003) . The conclusion emerging from the tests carried out is formulated as follows: the increase in the aggregate grain size and in the water/binder ratio causes an increase in the fractal dimension, while the aggregate type has an effect on the fractal dimension value. The following coarse aggregates were used in these tests: cobble, broken, and lightweight aggregates. 
In work (Yan et al., 2002) 
In both cases, the coefficient of linear correlation was R = 0.986. The increase in fracture energy with increasing fractal dimension is also confirmed by the studies of Issa et al. (1993) .
The results of analysis concerning the fracture toughness of concretes made from three different aggregates (dolomite, gravel and basalt aggregate) and the relationship between fracture mechanics parameters and compressive strength, and the fractal dimension, as determined by the chord method, are provided in work (Prokopski & Konkol, 2005) . The tests were carried out after 7, 14, 28 and 90 days of concrete curing, respectively. For 28 days' concrete, the following correlation equations are obtained: 
The fractal examination was also used for the analysis of cracks on concrete surfaces. In their tests on concrete reinforced with steel fibres, Yan et al. (2002) obtained a good correlation between the compressive strength and the fractal dimension of those fractures, as determined by the covering method. They found a larger number of cracks on the concrete specimen surfaces in the case of specimens with the highest content of steel fibres, which resulted in an increase in the fractal dimension. They put forward a formula relating the compressive strength with the fractal dimension, which has the following form:
The correlation coefficient of this relationship is R = 0.995.
Another example of seeking for a relationship between the compressive strength and the fractal dimension is the study of Ficker (2008) . In his investigation of cement gel, he presented an equipotential dependence of compressive strength on the fractal dimension, which was obtained with a correlation coefficient of 0.978. The investigation was carried out for water-cement ratio values varying from 0.4 to 1.4. The author demonstrated also that the fractal dimension increased equipotentially (R = 0.979) as the water-cement ratio decreased.
Another relationship between the fracture mechanics parameters and the fractal dimension was the subject of study (Zhang & Wei, 2010a) . The issue of seeking for a concrete fracture model that will reflect the actual behaviour of the fracture phenomenon still remains topical (Zhang & Wei, 2009; Zhang & Wei, 2010b) . Modelling applies also to fatigue fractures (Carpinteri et. al., 2008) .
Method

Testing Programme
The relationship between fracture surface morphology and fracture mechanics on one part, and the compressive strength of concretes on the other is determined in this work.
The testing programme was set up based on the two-factor design with two repetitions of the test at the central point ( Figure 1 ). The design was considered optimal in terms of two selection criteria, namely: feasibility, information capability and efficiency.
The tests were carried out for five intermediate input quantities x 1 and x 2 , determined for the normalized values of i Mode I of fracture was four, while in compressive strength testing -six. The specimens were made from concretes based on natural, cobble (gravel) and broken (basalt) aggregate, respectively, of a fraction of up to 16 mm. The CEM I 32.5 R Portland cement was used for the tests. The variables in the composition of concretes were the water-cement (W/C) ratio in the range from 0.41 to 0.61 and the amount of coarse aggregate in relation to sand (C agg. /F agg ). For broken aggregate, this value ranged from 1.6 to 3.0, and for natural aggregate -from 1.5 to 3.5. Within the same concrete, a constant cement-to-sand ratio was assumed. In broken aggregate concretes, this was 1:1.76, while in natural aggregate concretes -1:1.38.
Figure 1. Test design
Ten series of concretes were made, which differed in concrete mix composition (Table 1) . 
Testing of the Mechanical Properties of Concretes
For each test design arrangement, four 8×15×70 cm specimens were made for the determination of fracture toughness according to Mode I of fracture (Figure 2), and six 10 cm-edge cubes for compressive strength tests. The specimens were conditioned under air-humid conditions (with a relative humidity of >95%). The strength tests were performed after 28 days of concrete curing. The following were determined in the fracture toughness tests, according to RILEM TC 89 -FMT (1990):
• critical stress intensity factor,
• unit failure work, J Ic ,
• modulus of elasticity at bending, E.
The obtained strength testing results, along with the standard deviation of the mean value, are given in Table 2 . The increase in water-cement ratio and the lower fraction of coarse aggregate of the concrete mix in both concrete types resulted in a decline of mechanical characteristics tested, i.e. the critical stress intensity factor, S Ic K ; the unit failure work, J Ic ; Young's modulus, E; and the compressive strength, f c . Higher values of the parameters tested were obtained for basalt concretes, compared to gravel aggregate concretes.
Stereological Tests
Stereological tests were carried out on the ground surfaces of 8×15 cm specimens. The specimens were cut out from bars used for fracture toughness testing. The method of surface preparation of concrete test specimens is described in work (Konkol & Prokopski, 2004) .
The concrete specimen surfaces, after having been scanned at a resolution of 400 dpi., were subjected to stereological analysis that was performed using the FRAKTAL_Stereolog software application (Konkol) . From 40 to 56 areas, each of a surface area of 20.54 cm 2 (which totalled from 821.6 to 1150.2 cm 2 ) were subjected to examination. The minimum diameters of pores analyzed were 0.2 mm. The method of interpretation of the locations of air pore occurrence, on the image of a sample basalt concrete microsection, is shown in Figure 3 . In the stereological tests, the relative air pore area, S VP , and the relative coarse aggregate grain area, S VC , were determined. The obtained results are summarized in Table 3 . 
Fracture Surface Examinations
The fractal and fractographical examinations of fracture surfaces were performed on specially prepared gypsum replicas made on the fractures of concrete bars previously used in fracture toughness tests. 24 fracture surfaces were randomly chosen for examination. Stained gypsum was poured on the concrete fracture replicas made of white gypsum. So prepared specimens were slit along the longer side into 5 mm-thick 10 strips, to obtain 20 profile lines for each fracture (Figure 4 ). This adoption of the slitting direction was intended to obtain profile lines that would be approximately consistent with the direction of crack propagation. The slit specimens were scanned at a resolution of 600 dpi., and the profile line coordinates were obtained using the FRAKTAL_Digit software application (Konkol) (Figure 5 ) (Konkol & Prokopski, 2007) . The computation of the fractal dimension D was carried out by the chord and the box methods using the FRAKTAL_Wymiar2D (Konkol) . The obtained computation results are summarized in Table 4 , where the extreme (minimum and maximum) values of fractal dimension are shown in bold. Based on the measurements made, the mean values of the profile line development factor, R L . and of the fracture surface development factor, R S , were computed by the cycloid method, as discussed e.g. in the work by Wojnar (1990) (Table 5 ). The least fractal dimension values, as determined by both methods, were obtained for Series 3 basalt concrete of the lowest water-cement ratio (W/C = 0.41) and of the best mechanical properties (the highest values of E, J Ic and f c ). Also in the fractographical examination of the fractures of this concrete, the lowest values of the profile line development factor, R L , and of the fracture surface development factor, R S , were obtained.
In the case of the basalt concrete, which exhibited by the poorest mechanical characteristics:
(Series 9), the highest fractal dimension value, as determined by both the chord (D C = 1.0253) and the box (D BC = 1.0715) methods, was obtained. It was found, at the same time, that also the parameters R L and R S are the higher, the poorer strength characteristics are possessed by concrete.
Obtaining the least values of all fractographical parameters determined was the result of the decreasing cohesion forces at the coarse aggregate/cement paste interface and the consequence of the occurrence of a high-roughness along-grain fracture. Hence, the conclusion can be drawn, that the fracture surface of a concrete characterized by higher strength (with the aggregate/cement paste contact layer of higher strength) are more flat as a result of fracture occurring across the coarse aggregate grains (the inter-grain fracture, Figure 6 ). Table 10 gives the values of correlation coefficients for adopted regression models.
From the analyses carried out it was found that the most appropriate method for determining the fractal dimension of the concrete fracture profile line was the chord method. In the examination carried out by this method, an increase in fractal dimension with decreasing W/C ratio was noted.
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Journal of Geography and Geology Vol. 6, No. 4; 2014 In contrast to the chord method (Figure 9b ), the box method (Figure 9a) showed no sensitivity to the change of aggregate type. However, the effect of coarse aggregate quantity on the fractal dimension value became visible in both methods (Figures 9a and 9b) . With increasing coarse aggregate fraction of concrete, a drop in the fractal dimension value occurred initially, followed subsequently by its increase. The observed minimum of C agg. /F agg reached to approx. 2.3, which means that with this ratio of coarse aggregate to fine aggregate, an optimal chip pile was obtained. Only in the case of natural aggregate concrete and the use of the chord method was a linear relationship between coarse aggregate quantity and fractal dimension obtained (Figure 9b ). 
Relationship between Fractal Dimension and the Properties of Concretes
The performed analysis showed significant correlations between fractal dimension and the mechanical properties of concretes in the case of basalt concrete only ( Figure 10 ) (for all results from 10 concrete series examined).
A significant correlation (at the significance level p = 0.05) was found to exist between the fractal dimension, D C , as determined by the chord method, and Young's modulus, E, the unit failure work, J Ic , and the compressive strength, f c . With the increase in fractal dimension, all the above-mentioned concrete characteristics declined.
Relationships of the following form were obtained: 
For the critical stress intensity factor, air pore area, S VP , on the value of the fractal dimension, D, is insignificant, whereas the effect of the parameters V Vmor and S VC is significant, with a significance level of 0.05.
For the fractal dimension, D, the relationships derived have the following form:
, with R = 0.702 and p = 0.09 (6)
• gravel concrete
, with R = 0.714 and p = 0.08 (7) Figure 10 . Basalt concrete -Fractal dimension dependence of: a) the E module, b) the unit failure work, J Ic , and c) the compressive strength, f c ; with the fractal dimension, D C , being determined by the chord method
The obtained significance levels indicate that the derived regression functions can be regarded as significant, assuming the significance level p = 0.1.
The different signs of the coefficients at the relative coarse aggregate grain area, S VC (Equations 6 and 7), indicate that the fractal dimension, D C , varies depending on the coarse aggregate type (the effect of grain roughness and shape). The larger relative area of gravel, due to the smoothness and the oval shape of its grains, caused a decrease in fractal dimension (lesser fracture surface complexity), whereas the larger relative area of basalt contributed to an increase in the fractal dimension of basalt concrete fractures.
Additionally, in the case of gravel concrete, the relative coarse aggregate area, S VC , was substituted with the aggregate volume, V VC , (Figure 11 ). This improved the correlation coefficient and the significance level boundary value, at which the obtained correlation can be considered significant. The multiple regression function has the form of:
and is adequate at the significance level p = 0.05.
The above relationship indicates that increasing the gravel aggregate fraction of concrete causes a decrease in the fracture fractal dimension, D C .
In the case of the fractal dimension D BC (determined by the box method), correlations between the fractal dimension, and the mortar fraction V Vmor and the relative coarse aggregate area S VC were only obtained in gravel concretes (Figure 11b ).
The obtained relationship has the form of:
Discussion
From the tests and analyses carried out, the following have been found:
• Fractal analysis confirms that the profile lines of concrete fractures are fractals and therefore can be subject to any operations that are specific to fractal geometry.
• The chord method is more appropriate for the determination of the fractal dimension of concrete fracture profile lines, as it is sensitive to the change of aggregate type. Greater fractal dimension values are obtained for
Journal of Geography and Geology Vol. 6, No. 4; 2014 concrete based on natural (gravel) aggregate compared to broken (basalt) aggregate concrete and concretes with a higher value of W/C.
• There is a relationship between the fractal dimension, D, and the factors R L and R S ; the increase in fractal dimension is accompanied by an increase in the parameters R L and R S .
• Examination reveal the existence of a relationship between the fractal dimension of the fracture surface of the concretes examined and their mechanical properties. Significant correlations between the fractal dimension D C , as determined by the chord method, and Young's modulus E, the unit failure work J Ic and the compressive strength f c are only obtained for broken aggregate concrete. No significant correlations are, however, found in this case between the fractal dimension and the critical stress intensity factor S Ic K .
• For natural gravel aggregate concrete, a significant correlation is found to exist between the fractal dimension D C , and the mortar fraction of concrete mix V Vmor and the relative coarse aggregate volume V VC . With increasing gravel aggregate volume in concrete, the value of the fractal dimension D C decreases, which results from the fact that the gravel grains with a smooth surface and an oval shape contribute to a lesser complexity of the surface of the forming fracture.
• Fractographical examination verify the relationship between the fracture character and the mechanical properties of concretes. The higher level of fracture surface complexity (higher values of R L and R S ), the poorer properties of concretes. This is caused by lower cohesion forces at the aggregate/cement paste interface and the occurrence of an along-grain fracture. In higher-strength concretes, the fracture occurs across the aggregate grains (the inter-grain fracture), and therefore the fracture surfaces are less rough (more flat).
• The suitability of the stereological methods for the determination of the air porosity of concrete on set concrete specimens using image analysis is confirmed, as well as is the suitability of the stereological parameters determined by these methods, for the evaluation of the characteristics of air pores and coarse aggregates.
